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1D = One-Dimensional 一维 
2D = Two-Dimensional 二维 
COSY = COrrelated SpectroscopY 相关波谱 
CPMG = Carr–Purcell–Meiboom–Gill CPMG 序列 
CRAZED = COSY Revamped by Asymmetric 
Z-gradient Echo Detection 
不对称 z向梯度回波
检测改进的 COSY 
CSG = Coherence Selection Gradient 相干选择梯度 
CTP = Coherence Transfer Pathway 相干转移路径 
DDF = Distant Dipole Field 
= Dipolar Demagnetizing Field 
远程偶极场 
偶极退磁场 
DMSO = DiMethyl SulphOxide 二甲基亚砜 
DQC = Double-Quantum Coherence 双量子相干 
DQF = Double-Quantum Filtered 双量子滤波 
fMRI = functional Magnetic Resonance Imaging 功能磁共振成像 
FT = Fourier Transform 傅立叶变换 
FID = Free Induction Decay 自由感应衰减信号 
HOMOGENIZED = HOMOGeneity ENhancement by 
Intermolecular ZEro-quantum Detection 
分子间零量子检测
的均匀性增强 




iDQC = intermolecular Double-Quantum Coherence 分子间双量子相干 
iDQF = intermolecular Double-Quantum Filter 分子间双量子滤波 
iMQC = intermolecular Multiple-Quantum Coherence 分子间多量子相干 
iSQC = intermolecular Single-Quantum Coherence 分子间单量子相干 
iZQC = intermolecular Zero-Quantum Coherence 分子间零量子相干 
MAS = Magic Angle Spinning 魔角旋转 
MEK = Methyl Ethyl Ketone 甲乙酮 
MQC = Multiple-Quantum Coherence 多量子相干 














MRI = Magnetic Resonance Imaging 磁共振成像 
MRS = Magnetic Resonance Spectroscopy 磁共振波谱 
MSE = Multiple Spin Echoes 多自旋回波 
NMR = Nuclear Magnetic Resonance 核磁共振 
NOE = Nuclear Overhauser Effect 核 Overhauser 效应 
NOESY = Nuclear Overhauser Effect SpectroscopY NOE 谱 
PFG = Pulsed Field Gradient 脉冲梯度场 
RF = Radio Frequency 射频 
SECSY = Spin Echo Correlated SpectroscopY 自旋回波相关波谱 
SEL-HOMOGENIZED 选择性
HOMOGENIZED 
SQC = Single-Quantum Coherence 单量子相干 
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Heteronuclear Intermolecular Multiple Quantum Coherences 
and High-Resolution NMR in Inhomogeneous Magnetic Fields 




Research on the properties and applications of intermolecular multiple 
quantum coherences (iMQCs) has become a hot topic in the NMR community 
since the discovery of iMQC phenomena in 1990s. The iMQC signals are 
originated from intermolecular dipole-dipole interaction and have some unique 
properties different from conventional SQCs. IMQCs have found many 
applications in many areas, especially in high-resolution NMR spectroscopy in 
inhomogeneous fields. On the other hand, with the extension of NMR application 
field, there has been increasing interest in high natural abundant quadrupolar nuclei. 
The iMQCs involving quadrupolar nuclei may be of great value for analytical 
chemistry, biology and medicine, etc. The work of this thesis focuses on the 
analysis and characterization of iMQC signals in the systems containing 
quadrupolar nuclei. The main works are summarized as follows:  
1. The main existing high-resolution methods were analyzed systematically, 
especially the properties and mechanisms of the methods based on iMQCs, 
nutation echoes and spatial encoding respectively. Comparisons between these 
methods were made, and their advantages and shortages were revealed. This part of 
work provides the bases for the following researches on high-resolution NMR 
spectroscopy. 
2. Taking the IDEAL-II pulse sequence as an example, the applicability of 
high-resolution iDQC methods in moderate to severe inhomogeneous magnetic 
fields was studied. The effects of RF pulse selectivity, magnetic field 














Experimental and simulation results show that once the field inhomogeneity 
reaches a certain degree, the overlap of solvent and solute peaks will make the RF 
pulses impossible to selectively excite desired peaks, which results in the 
appearance of undesirable peaks. In addition, the spectral quality may vary with 
sample even in the same inhomogeneous fields, depending on the chemical shift 
distributions and the J coupling networks of the system under study.  
3. The heteronuclear iMQC signals from IS (I=1/2, S=3/2) spin system was 
detected by using heteronuclear CRAZED pulse sequence. The dependences of 
signal intensity on RF pulse flip angles were investigated. Analytical signal 
expressions were deduced based on the raising and lowering operators. Theoretical 
and experimental results show that the dependences of spin-1/2 iMQC signal 
intensities on the RF pulse flip angles follow the same rules as that of spin-3/2 
iMQC signal. The results are in accordance with heteronuclear iMQCs of IS (I=1/2, 
S=1/2 or 1; I=1, S=1/2) spin systems, implying that heteronuclear iMQCs have the 
same properties in liquid state NMR. 
4. The iMQC signals between spin-1 nuclei were observed for the first time 
using a deuterated sample as an example. The signal intensity as a function of RF 
pulse flip angles in the CRAZED experiments was studied theoretically and 
experimentally. The results demonstrate that the relationships between iMQC 
signal intensity and RF pulse angles for spin-1 and spin-1/2 nuclei are the same. 
The relations are applicable to all kinds of spin-1 nuclei in homogeneous liquid 
state, no matter the electric quadrupolar moment is small or large. 
5. Two new pulse sequences based on heteronuclear iSQCs and iDQCs were 
proposed to achieve fast acquisition of high-resolution spectra in inhomogeneous 
fields. Analytical expressions for the signals from the two sequences were deduced 
based on the raising and lowering operators. Experiments were performed to 
validate the feasibility of the two sequences. Because the width of the F1 
dimension is determined by the line-broadening instead of chemical-shift of the 
detected spins, the total acquisition time is greatly reduced. It is the first time to 
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